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Purpose of review

This review explores the concepts of monogenic and the so-called polygenic familial hypercholesterolemia
and how the identification of familial hypercholesterolemia as a monogenic condition and its separation
from polygenic primary hypercholesterolemia may have implications for clinical practice.

Recent findings

Through genetic testing, a mutation in any of the three known autosomal dominant familial
hypercholesterolemia-causing genes is found in 60-80% of cases with a clinical diagnosis of definite
familial hypercholesterolemia. As individuals with a polygenic basis for their hypercholesterolemia do not
follow the same inheritance pattern observed in monogenic familial hypercholesterolemia, the use of
family-based cascade screening in individuals with a polygenic origin is not recommend, as only 30% of
relatives have an elevated LDL-C compared to the 50% in monogenic families. The presence of a causative

monogenic mutation associates the highest cardiovascular risk vs. not having a mutation or having a
polygenic background, providing prognostic information independent of LDL-C. It may also help assess
intensity of interventions. Treatment adherence also seems to be higher after monogenic confirmation of

hypercholesterolemia.

Summary

Knowledge about the genetic status of an individual with clinical familial hypercholesterolemia (monogenic
vs. polygenic) can provide a more informed understanding to evaluating risk, managing disease and

opportunities for screening strategies.
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Familial hypercholesterolemia is among the most
common genetic diseases in the general population
[1,2]. This genetic disorder affects the metabolism of
low-density lipoprotein cholesterol (LDL-C), result-
ing in an impaired hepatic clearance of cholesterol-
loaded LDL particles from blood [3]. The life-long
exposure to high LDL-C levels from birth ultimately
results in a higher risk of atherosclerotic cardiovas-
cular disease (ASCVD), in particular premature cor-
onary artery disease (CAD), among those with
familial hypercholesterolemia compared with non-
affected individuals in the general population [1,4].
In fact, approximately 20 and 5% of heart attacks
occurring among those aged less than 45 and
60 years, respectively, have been attributed to famil-
ial hypercholesterolemia [5,6].
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Since the first identification of mutations in the
LDL-receptor (LDLR) in the 1970s [3] as the cause of
raised LDL-C levels in patients with a clinical phe-
notype we refer to as familial hypercholesterolemia,
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KEY POINTS

e Through genetic festing, a mutation in any of the three
known autosomal dominant familial
hypercholesterolaemia-causing genes (LDLR, APOB and
PCSK9) is found in 60-80% of cases that are
categorized with a clinical diagnosis of definite
familial hypercholesterolemia.

e By using polygenic LDL-C scores, a number of
individuals with a clinical phenotype resembling
familial hypercholesterolemia but without causative
monogenic mutations are shown to have high LDL-C by
inheriting a greater than average number of SNPs in
LDL-C raising alleles, and they are frequently referred to
as polygenic ‘familial hypercholesterolemia’.

e The autosomal dominant genetic pattern of monogenic
familial hypercholesterolemia enables family-based
cascade screening strategies to identify new individuals
with familial hypercholesterolemia, whereas this is not
routinely recommended in individuals with a polygenic
basis for their hypercholesterolemia as they do not
follow the same inheritance pattern observed in
monogenic familial hypercholesterolemia.

e The presence of a causative monogenic mutation vs.
not having a mutation helps identify individuals with the
clinical familial hypercholesterolemia phenotype who
have a higher cardiovascular risk and atherosclerotic
burden, providing prognostic information independent
of LDL-C levels.

e Distinguishing between monogenic and polygenic basis
for hypercholesterolemia may affect management
strategies in different ways, such as intensity of therapy,
response fo it, adherence to therapy, reimbursement
strategies for lipid-lowering medication or genetic
counselling.

considerable additional insight into understanding
the genetic mechanisms resulting in higher LDL-C
levels among those typically classified as familial
hypercholesterolemia is now available. In addition,
the development of new genetic testing methods,
such as the next-generation sequencing, enables
faster sequencing of large regions of the genome.
However, despite these advances, a causative muta-
tion affecting any of the known familial hypercho-
lesterolemia-related genes is not always found
among those individuals having a familial hyper-
cholesterolemia phenotype (primarily identified in
clinic by LDL-C levels and additional clinical crite-
ria). On the contrary, new analytical tools, such as
genome-wide association studies (GWAS), have per-
mitted the identification of common genetic var-
iants [single nucleotide polymorphisms (SNPs)]
with only modest effects on LDL-C levels individu-
ally, but when occurring together in the same
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individual, can lead to high LDL-C and a similar
phenotype to that produced by monogenic familial
hypercholesterolemia mutations.

As the phenotype of familial hypercholesterol-
emia (monogenic) and the so-called polygenic ‘tamil-
ial hypercholesterolemia’ can overlap, particularly
for less-severe cases of monogenic heterozygous
tamilial hypercholesterolemia, and as guideline rec-
ommendations for interventions with lipid-lowering
medications are primarily guided by the phenotype,
that is LDL-C levels, a debate is ongoing on whether
monogenic and polygenic disorders should be con-
sidered together. However, the identification of
familial hypercholesterolemia as a monogenic con-
dition and its separation from polygenic primary
hypercholesterolemia may have important implica-
tions for clinical practice, from disease detection and
screening strategies, to cardiovascular risk evaluation
and management of patients.

Familial hypercholesterolemia results from a muta-
tion in the genes encoding either the LDL receptor
(LDLR) on the hepatocytes surface (resulting in
lower-uptake of LDL-C), apolipoprotein B (APOB)
(the main apolipoprotein on the surface of LDL
particles, which acts as the primary ligand for bind-
ing to the LDLR) or proprotein convertase subtilisin/
kexin type 9 (PCSK9) (gain-of-function mutations
affecting the process of recycling the internalized
LDLR, leading to a decrease in the availability of
LDLRs on the cell surface) [2]. Individuals with
familial hypercholesterolemia can carry the muta-
tion variant in one (heterozygotes) or both (homo-
zygotes) alleles of the affected gene. The wvast
majority of individuals with familial hypercholes-
terolemia are heterozygotic, with an estimated prev-
alence of 1 in 250-350 individuals in the general
population; whereas homozygous familial hyper-
cholesterolemia is a rare condition affecting approx-
imately 1 in 160,000-300,000 individuals [7].
Mutations in the LDLR, APOB and PCSK9 genes
account for 90-95%, 5-10% and <1%, respectively,
of familial hypercholesterolemia cases overall,
though the relative frequencies might slightly vary
among different regions of the world [8,9]. Although
more than 2900 mutations have been identified in
the LDLR, only a fraction of them, ~1000, have been
classified as disease-causing by the American Col-
lege of Medical Genetics and Genomics guidelines
[10]. Within the LDLR, pathogenic and likely
pathogenic mutations mostly occur as exonic
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substitutions and missense rearrangements [10].
Within the APOB gene, a single missense mutation
in an exon predominantly occurs among those of
European ancestry with a higher prevalence in some
European countries [8,10]; whereas other regions of
the APOB gene have been identified, their level of
pathogenicity has not been reliably established as
of yet.

Because of the challenges and limitations for
applying genetic tests widely in clinics or at a popu-
lation level (monetary and resource-intensive), indi-
viduals with familial hypercholesterolemia are
routinely detected in the first instance using clinical
diagnostic criteria systems that generally consider a
combination of LDL-C levels, clinical findings, and
personal and family history of premature ASCVD.
These clinical criteria usually provide an estimate of
the likelihood that a patient may have familial
hypercholesterolemia, from ‘no familial hypercho-
lesterolemia’/unlikely, to possible, probable and
definite familial hypercholesterolemia [1]. The
increased understanding of genetics and advance-
ments in and availability/accessibility of genetic
tests has led to a greater utilization of these tests
to confirm familial hypercholesterolemia diagnosis
after applying clinical diagnostic criteria. This prog-
ress can also allow the separation, in a large number
of individuals, of the clinical diagnosis of familial
hypercholesterolemia based on monogenic causes
from those individuals with a clinical familial hyper-
cholesterolemia diagnosis, but in whom a causative
monogenic mutation is not identified (i.e. having a
phenotype resembling clinical familial hypercholes-
terolemia based on polygenic disorders) (Fig. 1) [1].

Through genetic testing, a mutation in any of the
three known autosomal dominant familial hyper-
cholesterolemia-causing genes is found in 60-80%
of cases that are categorized with a clinical diagnosis
of definite familial hypercholesterolemia, and in 20—
30% among those with possible familial hypercho-
lesterolemia, with the remaining deemed to be genet-
ically negative but phenotypically positive [10,11].
The proportion of mutations identified is, however,
variable, likely depending, among other potential
factors, on the study design, selection and character-
istics of the populations studied, number/type of the
mutations searched for, how prevalent the studied
mutations (vs. other or unknown mutations) are in
the population, or the clinical diagnostic criteria used
in first instance [e.g. their sensitivity and specificity
to accurately capture individuals with (monogenic)
familial hypercholesterolemia (pretest likelihood)].
Forinstance, two studies reported that the prevalence
of identified monogenic mutations could be as low as
less than 5% among unselected populations with
hypercholesterolaemia above 190 mg/dl (i.e. clinical
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Correspondence between clinical (phenotypic)
diagnosis and mutation (genetic) diagnosis in patients with
heterozygous familial hypercholesterolaemia. Previously

published at [1].

diagnosis based on a single LDL-C cut-off) [12,13],
vs., higher percentages reported by other studies
frequently using a combination of criteria, such as
clinical history, examination findings and LDL-C
levels, though still varying widely from approx.
25% to over 85% [10,11,14-16].

In individuals with a clinical diagnosis where a
causative mutation cannot be found, the genetic
cause is frequently attributed to a polygenic back-
ground. Detection of pathogenic mutations by
genetic tests is, however, dependent upon various
factors, including its yield and technical limitations
(e.g. inaccessibility during sequencing to intronic
variants and mutations as-yet-undiscovered). Addi-
tionally, genetic databases are usually derived from
Western populations, which may not be fully appli-
cable to other populations where prevalence/
pattern of mutations may vary. As genetic tests
become cheaper and more accessible, utilization
of these tests is becoming more ubiquitous in
regions across the world, though the use of genetic
testing, particularly outside Western countries, is
still low [17]. Thus, while a polygenic background
could explain the familial hypercholesterolemia
clinical phenotype in cases where a specific muta-
tion is not found, it cannot be ruled out that in some
cases the phenotype may be due to as of yet an
unknown monogenic variant.
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Polygenic LDL scores

GWAS studies have identified certain genetic variants
(SNPs) that are relatively common among the popu-
lation and that modestly affect plasma LDL-C levels.
These SNPs of LDL-C raising alleles are used to derive
gene scores [polygenic LDL scores (PGS)], where a
compilation of common SNPs are weighted by their
impact on LDL-C levels to predict genetically deter-
mined hypercholesterolemia besides monogenic
causes. By using these scores, a number of cases with
a clinical phenotype resembling familial hypercho-
lesterolemia but without causative monogenic muta-
tions are shown to have high LDL-C by inheriting a
greater than average number of SNPs in these alleles,
and they are frequently referred to as polygenic
‘familial hypercholesterolemia’. Although there
may be families where there are several individuals
whose elevated cholesterol has a polygenic basis, the
mode of inheritance is different from monogenic
tamilial hypercholesterolemia, which has an autoso-
mal dominant inheritance.

The proportion of individuals identified
depends upon: the SNPs included in the score
and; as the PGS is a continuous variable, on the
cut-off values (based on an arbitrarily chosen per-
centile of the general population). For instance, the
upper 25th and even upper 10th percentile have
been chosen to claim a high PGS. Talmud et al. [15]
investigated the relationship of LDL-C and a 12-SNP
PGS in five European cohorts. They showed a posi-
tive association of PGS values (ordinal) with rising
LDL-C levels across healthy individuals. Those in
the 10th decile of PGShad a4.17 (95% CI 3.01-5.78)
higher risk ratio of having LDL-C more than
4.9 mmol/] than individuals in the first decile. Fur-
thermore, they found mean PGS values to be signif-
icantly higher in individuals with phenotypical
familial hypercholesterolemia than in healthy indi-
viduals [15].

PGSs also have limitations, with similarities to
the tests used to identify monogenic mutations. For
instance, the discrepancies between clinical pheno-
type and polygenic test results may be partly
explained by the limitations of PGSs. Firstly,
depending on the PGS used, different SNPs are
considered, which may limit their application to
other populations than in those the PGS was derived
from. In fact, the strength of the observed associa-
tion of PGSs and the chosen outcome differ between
races [18]. PGSs are based on GWAS that are mainly
derived from European-descent populations leading
to uncertain accuracy in individuals of non-Euro-
pean ancestry [19"]. Recent analysis from the UK
Biobank showed that the association of a 223-SNP
PGS with LDL-C levels was significantly stronger in

114 www.co-lipidology.com

people of European ancestry than in individuals of
African or East Asian ancestry [20™]. Additionally,
only the most common SNPs are usually screened;
therefore, less common genetic variants (but which
could also have a significant effect on LDL-C levels
for any individuals carrying them), and also poten-
tially unknown variants having a large effect-size,
could be missed by this approach [18]. Lastly, envi-
ronmental factors and epigenetic regulatory mech-
anisms influence penetrance of the genetic variants
on the expressed phenotype [21]. Thus, individual
presentation of exposures based on genetic traits
should also be considered. Although this may
appear to limit the potential of PGS as a diagnostic
dichotomous tool (yes/no, rule-in/rule-out) and
may complicate the distinction between polygenic
and unknown basis for severe hypercholesterol-
emia, it nevertheless reinforces the point that in
medicine, clinicians should look at all available
data, consider strengths and limitations when inter-
preting diagnostic tests.

Implications for screening

As familial hypercholesterolemia has an autosomal
dominant inheritance pattern, upon identification
of an individual with familial hypercholesterolemia
(index case), the relatives of this individual can be
traced either clinically or genetically (if available) to
determine if they have familial hypercholesterol-
emia. Considering the commonality of familial
hypercholesterolemia within the general popula-
tion and that it remains largely underdiagnosed
[22], the genetic pattern of monogenic familial
hypercholesterolemia is a key to the development
and advocacy of screening strategies to identify new
individuals with familial hypercholesterolemia and
implement measures to prevent ASCVD. In fact,
family-based cascade screening (CScr) of index cases
has been deemed a cost-effective strategy to identify
new cases. Additionally, universal screening (UScr)
combined with CScr has been suggested to improve
identification at a population level [23,24]. For UScr,
given the complexity and limitations around insti-
tuting a genotypic screening strategy universally, a
first screening step must be applied using a prede-
fined population-based cholesterol threshold that is
sensitive and specific to population groups. It has
been suggested that, ideally, UScr should be per-
formed by 5 years of age, as screening children ena-
bles a more distinct discrimination based on LDL-C
allowing delineation between those with (mono-
genic) and without a pathogenic variant [8,25].

As individuals with a polygenic basis for their
hypercholesterolemia do not follow the same
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inheritance pattern observed in monogenic familial
hypercholesterolemia, the use of CScr in individuals
with a polygenic origin is not recommended, as only
~30% of relatives have an elevated LDL-C compared
to the 50% observed in monogenic families [11].
This is primarily attributed to the expression and
aggregation of SNPs not being identical in relatives
(unlike in monogenic familial hypercholesterolemia
cases) and complicating the traceability of the
SNP variants. Therefore, some authors recommend
that families of phenotypic-positive but mutation-
negative cases with a high PGS should not undergo
CScr [15].

Implications for risk evaluation/stratification

Classical risk stratification models are not applicable
in patients with familial hypercholesterolemia.
Imaging techniques, for example, coronary artery
calcium (CAC) score, may bring independent added
value for risk prediction of ASCVD in these individ-
uals, but they have low specificity, particularly in
young patients (<45 years) with severe familial
hypercholesterolemia [25]. In contrast, recent stud-
ies have shown that the presence of a causative

Familial hypercholesterolemia Brandts et al.

monogenic mutation vs. not having a mutation
helps identify individuals with the clinical familial
hypercholesterolemia phenotype who have a higher
cardiovascular risk and atherosclerotic burden, pro-
viding prognostic information independent of LDL-
C. For instance, Khera et al. [12] showed that, for any
LDL-C level considered, the risk for CAD is two to
three-fold higher in familial hypercholesterolemia
individuals with a mutation, compared to individu-
als with similar LDL-C levels but without a mutation
(Fig. 2). Another study detected significantly greater
carotid intima-media thickness and higher CAC
scores in individuals with a monogenic familial
hypercholesterolemia causing variant compared to
individuals with an elevated 6-SNP PGS [26].
Trinder et al. [27™] compared the risk of prema-
ture CVD between monogenic familial hypercholes-
terolemia, polygenic familial hypercholesterolemia
(PGS >80th percentile) and patients in whom a
genetic cause of familial hypercholesterolemia was
not identified. The risk in the monogenic group was
significantly higher compared to individuals not
having a mutation [adjusted (including LDL-C lev-
els) HR: 1.96; 95% CI 1.24-3.12], Fig. 3. Also, indi-
viduals in the latter group seem to have a less severe

Familial Hypercholesterolemia Mutation
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B. Impact of Familial Hypercholesterolemia Mutation Status on Coronary

Artery Disease According to LDL Cholesterol Level
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Risk of coronary artery disease across different low-density lipoprotein cholesterol levels based on the presence or
absence of a familial hypercholesterolaemia mutation. Odds ratios are relative to the category of LDL cholesterol less than
130 mg/dl without a familial hypercholesterolemia mutation. Adjusted for sex, cohort and principal components of ancestry.

Previously published at: [12].
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mono-: poly+{ H-e——i 1.39 (0.79 - 2.47)
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Adjusted Hazard Ratios

Risk of premature cardiovascular disease events based on the monogenetic or polygenic status for familial
hypercholesterolaemia. Data are shown as hazard ratios (95% confidence intervals) for premature cardiovascular disease events.
Adjusted for age, sex, LDL-C, diabetes mellitus and hypertension. ‘mono’ refers to monogenic familial hypercholesterolemia; ‘poly’
refers to polygenic hypercholesterolaemia based on LDL-C polygenic score >80th percentile. Previously published at: [27="].

phenotype than those with monogenic familial
hypercholesterolemia, with lower points in the
Dutch Lipid Clinic Network score and lower LDL-
C levels. By comparison, the risk was not signifi-
cantly different between polygenic hypercholester-
olemia and those without a genetic cause identified
(P=0.30). Of interest, monogenic familial hyper-
cholesterolemia patients who also had a high PGS
had the greatest risk of premature CVD (Fig. 3)
[27"%]. These results are in line with a more recent
study using data on more than 48,700 individuals
from the UK Biobank [20""]. Here, individuals with
monogenic familial hypercholesterolemia and poly-
genic hypercholesterolemia (223-SNP PGS >95th
percentile) had a higher risk of CVD events com-
pared to those with hypercholesterolemia but with-
out an identified genetic cause, with the monogenic
familial hypercholesterolemia group showing the
greatest risk (hazard ratio (HR) vs. no genetic cause
identified: monogenic familial hypercholesterol-
emia, 1.93; 95% confidence interval (CI) 1.34-
2.77; polygenic hypercholesterolemia, 1.26; 95%
CI 1.03-1.55), Fig. 4 [16,20™].

As LDL-C is a causal and cumulative risk factor for
ASCVD, reducing lifetime LDL-C exposure in indi-
viduals with hypercholesterolemia with a genetic
background is important irrespective of whether it is
monogenic or polygenic, as such individuals are
more likely to have a greater duration of exposure.
However, distinguishing between monogenic and
polygenic basis for hypercholesterolemia may affect
management strategies in different ways.

116 www.co-lipidology.com

Knowledge about the underlying genetic cause
can help decide on the initial treatment intensity.
Awareness of a monogenetic cause may imply the
need for an early and more aggressive treatment,
particularly in the light of the higher risk of ASCVD
in this group, as discussed above [12,20%%,27""]. It
must be also noted, however, that the differences in
risk of ASCVD between LDL-C elevations caused
by polygenic or monogenic variants may be less
marked at older age. For instance, data from the
Simon Broome register suggest that the standardized
mortality was progressively lower with advancing
age among those with monogenic causes [28], there-
fore, suggesting that irrespective of the genetic basis
of elevated LDL-C in older patients, the phenotype,
that is elevated LDL-C, should be similarly inten-
sively treated. Knowing the type of mutation may
also help assess and anticipate differential responses
to lipid-lowering medications [29,30]. For instance,
treatment response in terms of LDL-C change from
baseline to 1-year after treatment initiation varied
between 44% in individuals with LDLR null muta-
tions and 31% for LDLR defective mutations [30].
Additionally, knowing the specific causative muta-
tion in a particular familial hypercholesterolemia
individual may open the possibility for the develop-
ment of future precision medicine individualizing
the treatment to each patient/group of patients
earlier vs. a watch and wait approach.

Treatment adherence also seems to be higher
after monogenic confirmation of the condition
[31%]. Explaining to patients and caregivers about
their genetic cause of high cholesterol (not related
completely to factors such as unhealthy lifestyle)
may help patients and carers accept the need for
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No. of Events/ Favors : Favors

Hypercholerolemia Total No. aHR (95% CI) Lower Risk : Higher Risk
Adjusted for LDL-C level

Mono+ 33/256 1.93(1.32-2.81) P ——

Poly+ 205/2231 1.29(1.05-1.59) —I—

LDL+ 158/2232 1 [Reference] Q
Unadjusted for LDL-C level

Mono+ 36/277 1.93(1.34-2.77) .

Poly+ 211/2378 1.26 (1.03-1.55) -

LDL+ 158/2232 1 [Reference] ®

01 1 10
Adjusted HRs

Risk of cardiovascular disease events in patients with monogenic familial hypercholesterolaemia, polygenic
hypercholesterolaemia and hypercholesterolaemia of unknown genetic cause. Data are shown as hazard ratios (95%
confidence intervals) for cardiovascular disease events. Adjustment includes age, sex, genotyping array or batch and principal
components of ancestry. ‘"Mono+' refers to monogenic familial hypercholesterolemia; ‘Poly+’ refers to polygenic
hypercholesterolaemia based on 223 single-nucleotide variants LDL-C polygenic score >95th percentile; ‘LDL+ refers to
hypercholesterolemia of unknown genetic cause. Previously published at: [20™"].

pharmacotherapy earlier and long-term (life-long)
therapy and the importance of adherence in order to
mitigate risk. Additionally, differentiating between
polygenic hypercholesterolemia and monogenic
familial hypercholesterolemia may also inform
national reimbursement strategies for lipid-lower-
ing therapies. Finally, the identification of a mono-
genic familial hypercholesterolemia should prompt
genetic counselling and discussions about the pos-
sibility for the offspring and their potential risk of
having familial hypercholesterolemia (whereas this
is not that clear with polygenic hypercholesterol-
emia, where the inheritance pattern is unclear).

Knowledge about the genetic status (monogenic vs.
polygenic) of an individual with a familial hyper-
cholesterolemia phenotype provides additional
information beyond that obtained from LDL-C
levels alone and which may have implications
for evaluation of risk, disease management strate-
gies and opportunities for cascade screening of
relatives.
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